Hepatocellular carcinoma (HCC) is one of the most common human malignancies and the third leading cause of cancer mortality worldwide. The development and progression of HCC is a complicated process, involving the deregulation of multiple genes that are essential to cell biological processes. Recently, microRNAs (miRNAs) have been suggested to be closely associated with tumorigenesis. Our study showed that miR-184 is upregulated in HCC cell lines and tissues. Overexpression of miR-184 in HCC cells increased cell proliferation, tumorigenicity, and cell cycle progression, whereas inhibition of miR-184 reduced cell proliferation, tumorigenicity, and cell cycle progression. Additionally, we identified SOX7 as a direct target of miR-184. Ectopic expression of miR-184 led to downregulation of the SOX7 protein, resulting in upregulation of c-Myc, Cyclin D1, and phosphorylation of Rb. Our findings suggested that miR-184 represents a potential onco-miR and plays an important role in HCC progression by suppressing SOX7 expression.
Introduction
Hepatocellular carcinoma (HCC) is the fifth most common cancer and the third most common cause of cancer mortality in the world [1, 2] . Due to the high morbidity of hepatitis B virus (HBV) and hepatitis C virus (HCV) infection, the incidence of HCC is higher in Asian countries. The HCC incidence is much higher in China than in other Asian countries, and Chinese cases account for 55% of all HCC cases worldwide [2] . The absence of routine screening means that most HCC cases in China are initially diagnosed at advanced stages, and patients die from tumor growth or liver failure [3] . The late onset of clinical symptoms accounts for the late diagnosis and poor prognosis; the identification of reliable biomarkers for HCC is especially important [4] . Moreover, further studies on the biology involved in HCC initiation and progression are also urgently needed to develop effective diagnostic methods and therapeutic strategies.
The discovery of miRNAs and their function in tumor progression provide new sights for HCC research. MiRNAs are a class of endogenous, small non-coding RNAs of [20] [21] [22] nucleotides that involved in multiple biological processes [5, 6] . MiRNAs have been identified as a new type of gene expression regulators, which negatively regulate gene expression at the posttranscriptional level by targeting the 39 untranslated region (39-UTR) of mRNAs in a sequence-specific manner [7, 8] . Recent studies showed that miRNAs play essential roles in the biology of various human cancers, including cell differentiation, proliferation, apoptosis, invasion and angiogenesis [9, 10] . Based on the close relationship between miRNAs and carcinogenesis, miRNAs are presently considered as potential targets for caner diagnosis and anti-cancer therapies [11] [12] [13] .
As a member of the F subfamily of the SRY-related high mobility group box (SOX) transcription factors, the sex determining region Y (SRY)-box 7 (SOX7) protein is one of tumorsuppressive genes regulated by some onco-microRNAs. SOX7 mediates various biological processes, including the regulation of hematopoiesis, vasculogenesis, cardiogenesis, endoderm differentiation and myogenesis [14] [15] [16] [17] [18] . Furthermore, SOX7 functions as a tumor suppressor in lung cancers, endometrial cancer, colorectal cancer, prostate cancer and breast cancer [19] [20] [21] [22] [23] [24] . However, the function of SOX7 in HCC progression has not been determined.
In this study, we showed that miR-184 is upregulated in HCC cell lines and tissues. We further found that ectopic expression of miR-184 in HCC cells led to the promotion of cell proliferation, tumorigenicity and cell cycle regulation. Moreover, we presented data indicating that SOX7 is a direct target of, and is downregulated by, miR-184. Thus, miR-184 plays essential role during the regulation of SOX7 in HCC cells in vitro. Our present study suggested that miR-184 promotes cell proliferation, tumorigenicity and cell cycle progression in HCC cells by targeting SOX7 mRNA and suppressing its expression.
Materials and Methods

Cell Culture
Immortalized normal liver epithelial cells, THLE3, were from the American Type Culture Collection (ATCC, Manassas, VA, USA) and were cultured under the conditions stated by the manufacturer. The HCC cell lines (Hep3B, BEL-7402, MHCC97H, HCCC-9810, MHCC97L, Huh7, QGY-7703 and HepG2, purchased from ATCC) were grown in Dulbecco's modified Eagle's medium (DMEM, Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS, Invitrogen), at 37uC in a 5% CO 2 atmosphere in a humidified incubator. 
Tissue Specimens
Generation of Stably Engineered Cell Lines
pMSCV-miR-184, the miR-184 expression plasmid, was generated by cloning the genomic pre-miR-184 gene with 300-bp on each flanking side into the retroviral transfer plasmid pMSCV-puro (Clontech Laboratories Inc., Mountain View, CA, USA). pMSCV-miR-184 was then cotransfected with the pIK packaging plasmid into 293FT cells, using the standard calcium phosphate transfection method [25] . Thirty-six hours after cotransfection, supernatants were collected and incubated with HCC cells to be infected for 24 hours in the presence of polybrene (2.5 mg/ml, Sigma, Saint Louis, MO, USA). After infection, puromycin (1.5 mg/ml, Sigma) was used to select stably transduced cells over 10 days.
RNA Extraction and Real-time Quantitative PCR
Total cellular RNA was extracted using the Trizol reagent (Invitrogen), according to the manufacturer's instruction. cDNAs were synthesized and real-time PCR was performed using the GoTaqH 2-Step RT-qPCR System (Promega, Madison, WI, USA) in an ABI Prism 7500 Sequence Detection System (Applied Biosystems, Foster City, CA, USA). Expression levels of genes were normalized to that of the housekeeping gene GAPDH as the control and calculated as 2
, where C t represents the threshold cycle for each transcript. The expression of the miRNA was defined based on C t , and relative expression levels were calculated as 2
after normalization with reference to the expression of small nuclear RNA U6. The extracted RNA was pretreated with RNase-free DNase, and 500ng of RNA from each sample was used for cDNA synthesis primed with the specific microRNA RTprimer purchased from RiboBio (RiboBio Co. Ltd, Guangzhou, Guangdong, China). For PCR amplification of cDNA, the primers of miR-184 and U6 were purchased from RiboBio, and an initial amplification using primers was done with a denaturation step at 95uC for 20 seconds, followed by 40 cycles of denaturation at 95uC GAPDH forward: 59-GACTCATGACCACAGTCCATGC -39, GAPDH reverse: 39-AGAGGCAGGGATGATGTTCTG -59.
Western Blotting
Western blotting was performed according to a previously reported method [26] . The membranes were probed with polyclonal rabbit antibodies, anti-SOX7 (#ab80331, 1:500; Abcam, Cambridge, MA, USA), anti-c-Myc (#9402), antiCyclinD1 (#2978), anti-Rb (#9313) and anti-phosphorylated Rb (#9306; 1:1,000; Cell Signaling, Danvers, MA, USA). The membranes were then stripped and re-probed with an anti-aTubulin mouse monoclonal antibody (#2125; 1:1,000; Cell Signaling) as a loading control.
Plasmids, Oligonucleotides, siRNA and Transfection
The region of the human SOX7 39-UTR, generated by PCR amplification from DNA of HepG2 cells, was cloned into vector pGL3 (Promega). The primers used were: SOX7-39UTR-wt forward: 59-GCCCCGCGGGCCCTCTCCTTCTTGTGCCTTG-39; SOX7-39UTR-wt reverse: 39-GCCCTGCAGGGATA-GAGGCGGCACTCGGATAA-59.
SOX7-39UTR-mut forward: 59-GCCTTGAGTGGCAGAG-GAGCCGCAAAGCCACACCAGCTTTCCTCCC-39; SOX7-39UTR-mut reverse:
59-GGGAGGAAAGCTGGTGTGGCTTTGCGGCTCCT CTGCCACTCAAGGC-39. The miR-184 mimic, miR-184 inhibitor (miR-184 inhibitor is a LNA/OMe modified antisense oligonucleotide designed specifically to bind to and inhibit endogenous miR-184 molecule) and negative control were purchased from RiboBio. For depletion of SOX7, two siRNAs were synthesized and purified by RiboBio (SOX7 siRNA#1 sequence: CCACTCCACTCCAACCTCCAA, SOX7 siRNA#2 sequence: GCCGAGCTGTCGGATGGA-CAA). Transfection of oligonucleotides and siRNA were performed using the Lipofectamine 2000 reagent (Invitrogen), according to the manufacturer's instruction.
Luciferase Assay
Cells were seeded in triplicate in 24-well plate and allowed to settle for 24 h. One hundred nanograms of pGL3-SOX7-luciferase plasmid (or Mut) was transfected into HCC cells using the Lipofectamine 2000 reagent, according to the manufacturer's instruction. Luciferase and control signals were measured at 48 h after transfection using the Dual Luciferase Reporter Assay Kit (Promega), according to a protocol provided by the manufacturer. Three independent experiments were performed and the data were presented as the mean 6 SD.
3-(4, 5-Dimethyl-2-thiazolyl)-2, 5-diphenyl-2H-tetrazolium bromide (MTT) assay.
Cells were seeded on 96-well plates and stained at indicated time points with 100 ml sterile MTT dye (0.5 mg/ml, Invitrogen) for 4 h at 37uC, followed by removal of the culture medium and addition of 150 ml of dimethyl sulfoxide (DMSO) (Sigma). The absorbance was measured at 570 nm, with 655 nm as the reference wavelength. All experiments were performed in triplicate.
Colony Formation Assay
Cells were plated on a 6-well plate (1610 3 cells per well) and cultured for 10 days. The colonies were stained with 1.0% crystal violet for 5 min after fixation with 10% formaldehyde for 15 min. All experiments were performed in triplicate. ) were trypsinized and suspended in 2 ml complete medium plus 0.33% agar (Invitrogen). The mixture was plated on top of a bottom layer comprising 0.66% complete medium-agar mixture on a 6-well plate. After 10 days incubation, colony sizes were measured with an ocular micrometer and colonies greater than 0.1 mm in diameter were scored. All experiments were performed in triplicate.
Flow Cytometry Analysis
All cells in a culture dish were harvested by trypsinization, washed in ice-cold PBS, and fixed in 80% ice-cold ethanol in PBS. The cells were then pelleted and resuspended in cold PBS. Bovine pancreatic RNAase (2 mg/ml, Sigma) was added and cells were incubated at 37uC for 30 min, followed by incubation in propidium iodide (10 mg/ml, Invitrogen) for 30 min at room temperature. Twenty thousand cells were analyzed by flow cytometry (FACSCalibur; BD Biosciences, San Jose, CA, USA). All experiments were performed in triplicates.
Statistical Analysis
Student's t test was used to evaluate the significant difference between two groups of data in all the pertinent experiments. The experimental data were represented from three biological independent replicates and as the mean 6 SD. A P value ,0.05 (using a two-tailed paired t test) was considered statistically significant.
Results
MiR-184 Expression is Elevated in HCC
By analyzing a published micro-array-based high-throughput assessment (NCBI/GEO/GSE31384), miR-184 was identified to be significantly upregulated in HCC tissues compared with that in matched noncancerous hepatic tissues. Real-time PCR analysis showed that miR-184 expression was markedly increased in all eight HCC cell lines (Hep3B, BEL-7402, MHCC97H, HCCC-9810, MHCC97L, Huh7, QGY-7703 and HepG2), compared with that in the normal liver epithelial cells THLE3 and the other two noncancerous hepatic tissues ( Figure 1A ). Comparative analysis also revealed that miR-184 was significantly upregulated in eight pairs of cancerous tissues compared with the adjacent noncancerous hepatic tissues ( Figure 1B, Figure S1 ). Collectively, our results showed that miR-184 was overexpressed in HCC cell lines and tissues.
Ectopic Expression of miR-184 Enhances Proliferation of HCC Cells
To determine the effect of miR-184 on HCC progression, Hep3B and Huh7 cells stably overexpressing miR-184 were established for further study (Figure 2A ). An MTT assay showed that ectopic expression of miR-184 significantly increased the growth rate of Hep3B and Huh7 cells ( Figure 2B ). Colony formation assays showed a similar result: overexpression of miR-184 enhanced the proliferation of HCC cells ( Figure 2C) . Additionally, an anchorage-independent growth assay revealed that Hep3B and Huh7 cells stably expressing miR-184 showed more and larger-sized colonies than control cells ( Figure 2D ). We further analyzed the cell cycle of Hep3B and Huh7 cells by flow cytometry. The results showed a dramatic decrease in the percentage of cells in G1/G0 phase and an increase in the percentage of cells in S phase ( Figure 2E ). The results suggested that upregulation of miR-184 promoted the proliferation and tumorigenicity of HCC cells in vitro.
Inhibition of miR-184 Reduces Proliferation of HCC Cells
To further test whether endogenous miR-184 helps to sustain the proliferative property of HCC cells, loss-of-function studies using a miR-184 inhibitor were performed ( Figure 3A) . The results showed that suppression of miR-184 significantly decreased the growth rate of Hep3B, Huh7 and THLE3, when transfected with the miR-184 inhibitor, compared with that of NC transfected cells (Figure 3 , B and C, and Figure S2A ). The anchorage-independent growth assay revealed that Hep3B-miR-184-inhibitor and Huh7-miR-184-inhibitor cells produced fewer and smaller colonies than the negative control cells, indicating the inhibitory function of the miR-184 inhibitor on HCC tumorigenicity ( Figure 3D ). In addition, flow cytometry showed a significant increase in the percentage of cells in G1/G0 phase and a decrease in the percentage of cells in S phase in cells transfected with the miR-184 inhibitor compared with NC transfected cells ( Figure 3E ). These results suggested that downregulation of miR-184 could reduce the proliferation and tumorigenicity of HCC cells.
SOX7 is a Direct Target of miR-184 in HCC Cells
To explore the molecular mechanism of miR-184 function in HCC cells, we used publicly available algorithms (TargetScan, Pictar and miRANDA, which are public compilation of databases and web portals and servers used for microRNAs and their targets) to predict the target(s) of miR-184 in humans. The results indicated that SOX7 was one of the potential targets of miR-184 ( Figure 4A ). SOX7 was previously reported as a tumor suppressor in various cancers [19] [20] [21] [22] [23] . As predicted, western blotting revealed that SOX7 expression decreased in HepG3 and Huh7 cells, compared with normal cells THLE3, and further decreased in HepG3 and Huh7 cells overexpressing miR-184 and increased in cells transfected with the miR-184 inhibitor ( Figure 4B , Figure  S2B ). To examine whether miR-184 mediated-SOX7 downregulation was effected via the 39-UTR of SOX7, the SOX7-39-UTR fragment, containing miR-184 binding site, was subcloned into a pGL3 luciferase reporter vector. The results of the luciferase reporter assay showed that ectopic expression of miR-184 decreased, and suppression of miR-184 increased, the luciferase activity of the SOX7 39-UTR-luciferase reporter. By contrast, a SOX7 39-UTR -luciferase reporter with a mutant miR-184 binding site seed sequence was not inhibited by ectopic expression of miR-184 ( Figure 4C ). Considering it was previously reported that SOX7 could remarkably reduce Wnt/b-catenin signaling activity and the expression of its downstream genes [21, 27, 28] , we further examined the expression of some Wnt/b-catenin signaling related genes, Cyclin D1, MYC, LEF1, and TCF. The results showed that the mRNA of Cyclin D1, MYC, LEF1, and TCF were significantly upregulated by ectopic miR-184, whereas they were downregulated by inhibition of miR-184 ( Figure 4D) . Moreover, the expression of c-Myc and Cyclin D1 proteins were upregulated, and phosphorylated Rb was increased in miR-184 overexpressing cells compared with the negative control cells ( Figure 4E ). By contrast, the expression of c-Myc and Cyclin D1 were downregulated, and Rb phosphorylation was decreased, in cells transfected with the miR-184 inhibitor ( Figure 4E ). Furthermore, we examined the expression level of these Wnt/b-catenin signaling related genes in HCC tissues. The result showed that Cyclin D1, MYC, and LEF1 were upregulated in HCC tissues and the expression levels were positively correlated with the expression of miR-184 ( Figure S3 ). Collectively, our results suggested that SOX7 is a direct target of miR-184.
SOX7 Suppression is Critical for miR-184-induced Cell Proliferation in HCC
To evaluate the effect of SOX7 suppression on HCC progression, we suppressed endogenous SOX7 expression with two SOX7-specific siRNAs ( Figure 5A, Figure S4A ). The MTT and the colony formation assays both indicated that silencing SOX7 in miR-184 inhibitor transfected cells increased the proliferation of cells ( Figure 5 , B and C, Figure S4 , B and C). The anchorage-independent growth assay showed similar results ( Figure 5D, Figure S4D ). These results suggested that silencing SOX7 expression in miR-184-repressed cells could reverse the inhibitory effect of the miR-184 inhibitor on HCC cell proliferation. Consistently, the growth rate of miR-184-inhibited cells was further inhibited by SOX7 overexpresion ( Figure S5 ). These data confirmed that miR-184 promotes HCC cell proliferation and tumorigenicity by repressing endogenous SOX7 expression, and that SOX7 suppression is essential for miR-184-mediated HCC cell proliferation.
Discussion
In the present study, we found that miR-184 is upregulated in HCC cell lines and tissues. Ectopic expression of miR-184 promotes the proliferation and tumorigenicity of HCC cells by targeting the 39-UTR of SOX7 mRNA and suppressing its expression. The negative regulation of SOX7 by miR-184 leads to upregulation of c-Myc, CyclinD1 and Rb phosphorylation ( Figure 6 ). We demonstrated that miR-184 might have an important role in the SOX7-mediated signal pathway during HCC progression.
Accumulating evidence suggests that aberrant expression of miRNAs in tumors contributes to human tumorigenesis by affecting the expression of multiple genes [10, 13, 29] . Some studies have suggested miR-184 as a potential onco-miR. One comprehensive microRNA profiling of prostate cancer showed that miR-184 was upregulated in high grade tumors [30] . Mature miR-184 was also found to be upregulated in squamous cell carcinoma of the tongue. Inhibition of miR-184 in tongue SCC cells reduced cell proliferation and induced apoptosis [31] . Xu et al. found that the TNFAIP2 miR-184 binding site variant rs8126 T.C genotype was significantly associated with risk of gastric cancer development [32] . Other studies showed that miR-184 has a tumor-suppressive role in cancers. MiR-184 inhibits neuroblastoma cell survival and promotes apoptosis by targeting AKT2 [33] . Another study demonstrated that miR-184 dramatically reduces tumor growth and increases overall survival in an orthotopic murine model of neuroblastoma [34] . Taken together, these studies indicate a possible role of miR-184 in modulating tumor progression. Recently, Gao et al. reported that miR-184 functions as an oncogenic regulator in HCC. They found miR-184 might play a role in proliferation of HCC cells by regulating INPPL1 expression and act as anti-apoptotic factor in HCC development by inhibiting the activities of caspases 3/7 [35] . However, the biological function and mechanism of miR-184 in HCC has not been completely elucidated. Our study revealed that miR-184 is upregulated in HCC and promotes HCC cell proliferation in vitro and suggested an oncogenic role of miR-184 in HCC and identify a possible target for HCC diagnosis and therapy. The proliferative function of miR-184 in HCC might be through SOX7-mediated signaling pathway regulation, such as Wnt/b-catenin pathway. Nevertheless, the expression level of miR-184 in HCC and its clinical relevance, require further study.
Among the putative targets of miR-184 in the publicly available algorithms, SOX7 is reported to have a tumor-suppressive function in tumors [19] [20] [21] [22] [23] [24] . SOX7 was reported to be downregulated in lung cancer and forced-expression of SOX7 reduces cell proliferation, increases sub-G1 phase of cell cycle and increases apoptosis of non-small cell lung cancer (NSCLC) cells [19] . Li et al. found that decreased expression of SOX7 is correlated with poor prognosis in lung adenocarcinoma patients [20] . Furthermore, Chan et al. reported that SOX7 was significantly downregulated in high grade endometrial cancer, and overexpression of SOX7 reduced endometrial cancer cell growth via suppression of Wnt/bcatenin signaling [21] . It has been demonstrated that SOX transcription factors are DNA-binding HMG domain proteins. They regulate some of the same processes as the Wnt/b-catenin signaling pathway, including tissue specification, organ development, stem cell homeostasis and cancer progression [27, 36] . As a member of the SOXF subfamily, SOX7 is reported to be involved in the modulation of the Wnt/b-catenin signaling pathway, significantly reducing Wnt/b-catenin-stimulated transcription, through a motif that enables SOX7 to bind to b-catenin [28] . Considering the importance of Wnt/b-catenin signaling pathway in tumorigenesis and the regulatory role of SOX7 in this signaling pathway, whether miR-184 performs its function in HCC via SOX7/Wnt/b-catenin signaling pathway requires further investigation.
In summary, our findings demonstrate, for the first time, that miR-184 plays an important role in HCC development and progression. The results reveal that miR-184 is overexpressed in HCC and overexpression of miR-184 promotes cell proliferation and tumorigenesis in human HCC cells. Furthermore, we identified SOX7 mRNA as a direct and functional target of miR-184. In addition, SOX7 suppression is essential for miR-184-induced cell proliferation in HCC. Further study is required to identify the biological function of miR-184 and its clinical relevance in HCC development. Collectively, we believe that miR-184 plays an essential role in the progression of HCC and might represent a therapeutic target for HCC. Figure S1 The expression of miR-184 was examined in eight paired cancerous tissues (T) and their adjacent noncancerous hepatic tissues (ANT). The average miR-184 expression was normalized using U6 expression. Error bars represent the mean 6 SD from three independent experiments. *P,0.05. 
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